during an attack are retained by cells and used to prevent subsequent attacks associated with the same or closely related DNA sequences. The twist involved when mavirus is the memory aid is that the infectious agent is remembered indirectly, by host integration of the virophage DNA sequences, which are expressed only during subsequent encounters with the giant virus.
As with CRISPR-Cas-mediated immunity, it is not clear how a host cell survives to retain immunological memory, given that infection by CroV is usually fatal, as Fischer and Hackl demonstrate. In the CRISPR-Cas system, immunological memory is thought to be formed when cells are infected with defective phage particles 12 , and such abortive infection might also occur in the CroV-mavirus system. Another possibility is that mavirus genome integration into the host genome can occur in the absence of CroV co-infection.
Many questions remain. Perhaps the most pressing one is: how general is this antiviral defence mechanism discovered by Fischer and Hackl? The genome of the unicellular green alga Bigelowiella natans contains numerous integrated virophage genomes 13 , and this possibly provides another example of a virophage-mediated host defence. The current observations might be only the tip of the iceberg.
The mavirus virophage belongs to a large class of Polinton-like viruses and mobile genetic elements that can integrate into the genomes of diverse organisms 8, 14 . Do someor even most -of this class that have not, so far, been observed to produce virus particles provide defence against viral infections? The integration of viral DNA sequences, known as endogenous viral elements, is a common outcome when viruses with RNA or DNA genomes infect cells 15 . Were these endogenous viral elements obtained fortuitously as a result of aberrant genome integration, or might they have been retained by a host to provide immunological memory? The experiments needed to address these intriguing questions have not yet begun in earnest.
The relationship between C. roenbergensis, CroV and mavirus highlights two fundamental biological principles: the pervasiveness of parasites that have evolved to target almost all replicating biological entities, and the use of altruistic modes of protection that are probably intrinsic to cellular life. There is still much to learn about the mechanisms of attack and defence that operate in these fascinating and complex struggles for survival. ■ 
ASTROPHYSICS

Elemental abundances across cosmic time
The chemical composition of a massive galaxy in the early Universe reveals an extremely short period of star formation. This result could challenge our ideas about the evolution of galaxies and of the Universe itself. See Letter p.248 C H I A K I KO B AYA S H I S tars are fossils that retain the history of their host galaxies. At the end of their lives, they explode as supernovae, producing heavy elements that are distributed into the surrounding interstellar gas. New stars that are created from this gas contain the elements that were produced from the previous generations of stars. By analysing the abundance patterns of the elements, it is therefore possible to determine how many and what kind of supernovae exploded in the past. On page 248, Kriek et al.
1 estimate elemental abundances of a massive galaxy, as seen 11 billion years ago, which suggest that this galaxy formed by a short and intense burst of star formation and then suddenly 'died' without producing more stars. The authors' findings could reshape our theories of galaxy formation 2 . Explaining the origin of the elements is one of the scientific triumphs at the interface of nuclear physics and astrophysics. As the astronomer Fred Hoyle predicted 3 , carbon and heavier elements were not produced during the Big Bang, but are instead created inside stars. The α-elements -oxygen, magnesium, silicon, sulfur and calcium -are produced by massive stars (those approximately ten times more massive than the Sun) before being ejected in supernovae. Conversely, iron (Fe) is mainly produced by a different type of stellar explosion called a type Ia supernova. Theoretical models can successfully reproduce the observed abundances of these elements in nearby stars of the Milky Way 4 .
Elements heavier than zinc can form by neutron-capture processes in stars, or by other exotic astronomical events 5 . This knowledge of nuclear astrophysics has been used to determine the formation and evolutionary histories of nearby (low redshift) galaxies, using an approach called galactic archaeology. Kriek and colleagues show that this approach can also be applied to distant (high redshift) galaxies. The authors study a massive galaxy that has a relatively large redshift of 2.1 and find a surprisingly high ratio of α-elements to Fe. This result suggests that the galaxy had an intense period of star formation that lasted for only between 0.1 billion and 0.5 billion years (approximately 10% of the age of the Universe at that time) before type Ia supernovae began to occur.
The nature of the physical mechanism that causes such quenching of star formation has been one of the big questions in astronomy for more than 20 years. One suggested mechanism is feedback from the supermassive black holes at the centres of massive galaxies (Fig. 1) -observed as active galactic nuclei (AGN). AGN-driven winds would have removed the surrounding interstellar gas, preventing new stars from forming. However, the high α/Fe ratio in massive galaxies has not yet been fully explained by numerical simulations of galaxies that include this feedback mechanism 6 . Kriek and collaborators' results make the situation even more complicated. Their galaxy is observed as it was when the Universe was only 3 billion years old. At this time, black holes might not have been large enough to produce sufficient feedback to prevent star formation, because black holes are expected to co-evolve with galaxies. This co-evolution is suggested by the tight correlation between the masses of galaxies and their black holes. It is also consistent with the space density of quasars -optically bright AGN -and cosmic star-formation rates, both of which decrease sharply 7 beyond redshifts of 2, where the authors' galaxy is found.
Thanks to quantum mechanics and atomic spectroscopy, elemental abundances can be estimated from absorption lines in stellar spectra. However, it is not straightforward to estimate these abundances even in the spectrum of a single star because of complex fluid mechanics (hydrodynamic motions) and the lack of local thermodynamic equilibrium in stellar atmospheres. Such estimates are even more difficult for the spectra of galaxies, which comprise many stars that have different masses, ages and chemical compositions. In galaxies, spectral absorption lines are broadened because of the motion of stars and weakened by emissions of young stars or AGN. A further problem for spectroscopy is that in galaxies younger than 1 billion years, about 40% of the light comes from asymptotic giant branch (AGB) stars 8 , which are not well understood.
Despite these difficulties, Kriek and colleagues use spectroscopy to find a high α/Fe ratio in a galaxy that has a relatively high metallicity -the ratio of Fe to hydrogen is half that of the Sun's. The combination of these two abundance ratios has never been seen in nearby stars: stars in the Galactic halo have high α/Fe ratios at less than one-tenth of the Sun's metallicity, those in the Galactic disk have lower α/Fe ratios at higher metallicities, and those in the Galactic bulge have high α/Fe ratios but only at one-third of the Sun's metallicity 9 . What studies should be carried out to understand Kriek and collaborators' galaxy spectra? First, high-resolution spectra of metal-rich and α-enhanced stars -as in the authors' galaxy -need to be obtained for the Milky Way and should be compared with the authors' galaxy spectra. Such stars could be discovered using ongoing galactic-archaeology surveys such as the Apache Point Observatory Galactic Evolution Experiment (APOGEE) in New Mexico. Second, it is important to understand the evolution and spectra of AGB stars, both observationally and theoretically. If these stars are members of binary systems, their evolution and spectra would be very different. Finally, because the time at which type Ia supernovae start to occur is key to interpreting the authors' observations, it is crucial to study the progenitor systems, which are also binary systems, that cause these supernovae. This is closely related to the evolution of the Universe itself -type Ia supernovae were used in the 2011 Nobelprizewinning discovery that the Universe's expansion is accelerating 10, 11 . If the α/Fe ratio in the authors' high-redshift galaxy is confirmed, this would challenge our current models of galaxy formation and raise many questions. For example, what kind of physical process can stop star formation on such a short timescale? Star formation in this galaxy might have been boosted and then quenched so that α/Fe is higher than usual. Alternatively, material produced in type Ia supernovae might have been efficiently removed by galactic winds. If this ejection was caused by AGN, what is the origin of the corresponding supermassive black holes?
Finally, how did the authors' galaxy evolve after star formation stopped? Is there a presentday counterpart of this galaxy, and how common are such galaxies? Even with the largest telescopes and the best detectors that astronomers have at present, it is difficult to measure the elemental abundances of a large sample of galaxies at high redshifts. However, such measurements will be possible in the near future with the James Webb Space Telescope and with extremely large (25-40 metres in diameter) ground-based telescopes. Meanwhile, theorists will need to predict elemental abundances across cosmic time in the quest to understand the formation and evolution of galaxies. ■ 1 have studied a massive galaxy in the early Universe that formed stars over a relatively short period. The quenching of star formation that occurs after this period could have been caused by feedback from the supermassive black hole at the centre of the galaxy, which would have expelled the surrounding interstellar gas and prevented new stars from forming. Shown here is a simulation of such a galaxy, including the feedback effect (see text). The colours represent the temperature of gas from low (blue) to high (red). 3 present evidence in mice that disruption of gamma oscillations might contribute to the accumulation of amyloid-β protein in the brain -a hallmark of Alzheimer's disease.
Chiaki Kobayashi is in the
The brains of people with Alzheimer's show desynchronized electrical activity and loss of oscillatory activity, particularly of gammafrequency oscillations 2,4,5 . Mice carrying genetic mutations that cause Alzheimer's in humans also show altered electrical activity 6 and, in one model, restoration of normal gamma oscillations has been shown to reduce memory deficits 7 . It is not known, however, whether these changes in neural activity have a causal role in the biological changes under lying disease progression or represent secondary phenomena.
Iaccarino and colleagues explored the effects of gamma activity on amyloid-β (Aβ) accumulation in a mouse model of Alzheimer's disease known as 5XFAD. The authors showed that these mice exhibit low gamma activity, similar to other mouse models of the disease 7, 8 . To restore this activity, mice were genetically engineered to express the light-activated ionchannel protein channelrhodopsin in neurons called fast-spiking parvalbumin interneurons, which are involved in the generation of gamma oscillations 9 . Activation of channelrhodopsin using a fibre-optic light source implanted in the hippo campus region of the animals' brains induced synchronous neuron firing and gamma oscillations. Remarkably, this led to a major reduction in the accumulation of disease-associated Aβ deposits in the hippocampus.
How could augmentation of gamma oscillations have such a major effect? The first clue came when Iaccarino and co-workers analysed RNA transcripts in the hippocampus of 5XFAD mice, and found that gamma stimulation increased the expression of many genes involved in the function of resident immune cells called microglia. Some of the most affected genes were associated with phagocytosis -the process by which immune cells take up extracellular material for clearance and degradation. Furthermore, gamma stimulation caused microglia to adopt an 'activated' shape and induced increased intracellular Aβ levels, consistent with Aβ phagocytosis (Fig. 1) . Biochemical experiments suggested that gamma stimulation also altered the processing of amyloid precursor protein, indicating reduced generation of Aβ. Thus, gamma stimulation might have a bimodal effect, both reducing Aβ generation and increasing its clearance by microglia.
The authors then explored a non-invasive approach to stimulating natural production of gamma oscillations. Previous work 10 showed that visual stimulation using flickering light at specific frequencies induced gamma oscillations in the brain's visual cortex. In an elegant series of experiments, the authors found that exposing 5XFAD mice to a 40-Hz flickering light for just 1 hour augmented gamma oscillations and markedly reduced Aβ levels for 12 to 24 hours. Repeating the treatment for 7 days reduced the load of harmful Aβ deposits called plaques in the visual cortex by about 60%, suggesting that there could be a longer-term effect. No effect on Aβ levels was seen after exposure to other frequencies or a random-frequency light flicker. Aβ deposition is therefore highly sensitive to specific patterns of neural activation.
Light-flicker treatment induced gamma oscillations and reduced Aβ levels in ageing wild-type mice, consistent with a physiological role for gamma stimulation in regulating Aβ metabolism. Interestingly, the treatment also reduced the build-up of tau proteins in a mouse model of frontotemporal dementia, suggesting that gamma activity might have 3 restored gamma oscillations in a mouse model of the disease. Such gamma stimulation led to recruitment of microglia to sites of Aβ deposition. The microglia adopted an activated shape, and consequently engulfed and degraded Aβ.
